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Abstract. Borehole breakouts in 4 nearly vertical oil wells, 
and several other deviated holes, in the San Fernando Valley 
and Santa Susana Mountains suggest a maximum horizontal 
compressive stress direction (S}0 of N49øW. These wells pro- 
vide information about the stress field from 1974 to 1983 in the 
uppermost crust (< 3 km depth) near the aftershock zones of the 
January 1994 Northridge earthquake and the February 1971 
Sylmar earthquake. This direction of Si• is anomalous with re- 
spect to the N to NNE directions of Si• seen in other regional 
data, but is consistent with the structural complexity of this 
zone, including local changes in strike of major thrust fault 
zones and the presence of lateral ramps in both the Santa 
Susana and San Fernando faults. 
Introduction 
Oriented dual caliper logs accompanying 4-arm dipmeter 
logs can constrain the orientations of the principal stresses, as 
borehole breakouts (elliptical wellbore spalling) form centered 
at the azimuth of maximum compressive stress at the borehole 
wall. The major axis of the breakout ellipse in a vertical bore- 
hole is parallel to Sh, the minimum horizontal compressive 
stress, and the minor axis is parallel to Si•, the maximum hori- 
iontal compressive stress. Sh and Si• are also principal stresses, 
if one of the principal stresses is vertical. Vertical wells are 
commonly analyzed to determine the directions of the principal 
horizontal stresses with the assumption that one of the princi- 
pal stresses is vertical (Sv). The results have been shown to be 
consistent with other indicators of stress direction (e.g., 
Zoback, 1992). This result is less constrained in a thrust fault- 
ing system (Qian and Pedersen, 1991). 
Breakout orientations from non-vertical drill holes can also 
be used to constrain the stress state, and yield relative magni- 
tudes and directions of the three principal stresses, if enough 
borehole orientations are available. This is due to the fact that 
when the borehole is not aligned with a principal stress axis, 
the breakout orientation will depend on the relative magnitude 
and orientations of all three principal stresses (e.g., Mastin, 
1988; Zajac and Stock, 1992; Brudy and Zoback, 1993). This 
general concept has been used to predict breakout orienta- 
tions, induced fracture orientations, and borehole stability in 
boreholes arbitrarily inclined to the stress field (e.g., Peska 
and Zoback, 1995). 
Borehole Measurements and Data Analysis 
Our criteria for identifying borehole breakouts from 4-arm 
oriented dipmeter data, modified from Plumb and Hickman 
(1985), are as follows: 
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1) The tool rotation stops in the zone of elongation. 
2) The caliper arm difference exceeds 0.5 inches (1.3 cm). 
3) The smaller of the caliper readings is close to bit size 
(within 5% of bit size). 
4) The breakout zone is longer than 10 feet (3.05 m). 
5) The directions of elongation should not consistently co- 
incide with the azimuth of the high and low sides of the bore- 
hole when the hole deviates from vertical. 
The first criterion locates sections of well where the caliper 
was prevented from rotating, presumably due to the friction of 
contact with the wall of the borehole in the zone of elongation. 
The second criterion applies the fact that the breakout must ex- 
ceed a certain size in order to halt tool rotation. The third cri- 
terion removes sections of well where the tool was off center or 
the hole was washed out. The fourth criterion accounts for the 
inability of the tool to detect breakouts smaller than the pad 
length. The fifth criterion eliminates wells where the tool may 
have scraped along the low side of an inclined borehole, dig- 
ging its own elliptical channel (a "key seat"). We applied this 
criterion on a case-by-case basis, because in thrust faulting 
stress regimes, breakouts would be expected to form on the 
high and low sides of deviated boreholes. 
Once the inappropriate data have been eliminated, the calcu- 
lation of breakout orientation is relatively straightforward. 
The breakout azimuth is assumed to coincide with the orienta- 
tion of the larger caliper arm (e.g., Plumb and Hickman, 1985), 
and is defined to be in the range 0- 180 ø. 
Analysis of Data 
We applied our technique to 10 wells in and northwest of 
the San Fernando Valley, California, near the aftershock zone of 
the 1971 and 1994 earthquakes. These wells lie in a 144 sq. 
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Figure 1. Map of San Fernando Valley, Santa Susana 
Mountains, and western San Gabriel Mountains in the region 
118ø20'-118ø40 ', 34ø15'-34ø25 ', showing the locations of 
drill holes used in this study (black dots). Major surface faults 
(thick black lines) are simplified from Yeats (1987) and 
Barrows et al. (1975). Major freeways (thin black lines) and 
some oil fields are labeled for reference. 
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Figure 2. Lower hemisphere stereographic projection of all 
borehole elongation zones (breakouts) identified from the 
boreholes studied. Breakouts are plotted with a line parallel 
to their trend in map view, at the location on the stereonet 
which corresponds to the trend and plunge of that segment of 
the borehole. The length of the line representing the breakout 
is proportional to the length of the breakout, according to the 
scale given at lower left. Note that stereographic projection 
only goes out to 48 ø from vertical. One breakout from borehole 
USL6 lies near the origin of the plot and is not individually 
labeled due to lack of space. Borehole elongations for holes 
deviated >20 ø may be caused by tool drag, not breakouts. 
mile (373 sq. km) region T 2N-3N, R 15W-16W over a depth 
range of 200 to 10,000 feet (61 to 3048 m). This region con- 
tains approximately 800 drill holes, but very few of them had 
the oriented dual caliper logs needed for this analysis. 
These data were all collected between 1974 and 1983. 
These wells are from the Aliso Canyon, Mission, Placerita, 
Newhall, Cascade, and Pacoima oil fields, and the San 
Fernando Area, at approximately 34 ø 15'N, 118 o 30'W (Fig. 
1). They provide information about the stress direction from 
the upper plate, and within the aftershock region, of the 1994 
Northridge and 1971 Sylmar earthquakes. 
Paper logs for 3 wells were obtained from the Southern 
California Gas Company, and the remainder of the data came 
from the State Department of Conservation, Division of Oil and 
Gas archives. These paper logs were digitized and the best fit- 
ting ellipse for the borehole shape was found for every foot of 
data. A value of 15.9 ø was used for the magnetic declination, 
to correct the observations to geographic north. Breakouts 
were then identified according to the criteria described above. 
Figures in the electronic supplement show borehole caliper 
readings and positions of the identified breakouts. 
Discussion of the Data 
The data are plotted on lower hemisphere stereographic pro- 
jections in which the breakout azimuth is plotted as a line, 
centered on the stereonet position corresponding to the bore- 
hole trend and plunge (Fig. 2). Very few of the boreholes had 
trends into the SW quadrant. Most of the boreholes studied 
had plunges toward the NW and N or in the SE quadrant. 
Borehole deviations at the locations of the identified break- 
outs ranged from 0 to 45 ø. 
The majority of the breakouts (87%) were identified from 
three of the boreholes (Unocal San Fernando 1-9, Southern 
California Gas Aliso Canyon SFZU SS (Standard Sesnon) 1, 
and Chevron Pacoima 10) (Table 1). These data can be subdi- 
vided into near-vertical (<5 ø deviation) and non-vertical (>5 ø 
deviation) sections of boreholes. 
The data from near-vertical drill holes are most commonly 
used to constrain the directions of the horizontal principal 
stresses. Data for holes with deviations _<5 ø, comprising seg- 
ments of Southern California Gas Aliso Canyon SFZU SS 1 
("SSI"), McCulloch Cascade Mission Visco 14 ("MV14"), 
Unocal San Fernando 1-9 ("SFI"), and Chevron Placerita USL 
6 ("USL6"), are summarized in Fig. 3 and Table 1. These show 
a breakout azimuth averaging N41 øE. If the principal stresses 
are horizontal and vertical, this implies a minimum compressive 
stress direction (Sh) of N41øE and a maximum co. mpressive 
stress direction (Si-i) of N49øW. This result is dominated by 
the data from the SF1 borehole but also agrees with breakouts 
from near-vertical sections of SS 1. 
A similar NE breakout direction also occurs in drill hole 
segments with deviations between 5 ø and 16 ø (e.g., SS1, 
MV14, Pac4 in Fig. 2), with the exception of a small group of 
data from MAlb, SS1, and USL6. Although the data from holes 
with deviations exceeding 5 ø are not used in the average to de- 
termine the Si-i direction, they indicate a consistency to this 
stress pattern in many of the drill holes. 
The elongation directions from drill holes with deviations 
exceeding 16 ø are predominantly radial when plotted on the 
stereonet (i.e., along the high and low sides of the borehole). 
This direction of borehole elongation could be caused by tool 
drag on the bottom of a hole (a "key seat"), but is also the ex- 
pected orientation of breakouts in thrust faulting or certain 
strike slip faulting stress regimes (Fig. 4; see also Qian and 
Pedersen, 1991). If these elongation directions in our more 
deviated holes are breakouts, they suggest a thrust faulting 
stress regime with q•, (S2-S3)/(S•-S3), of-0.9 (Fig. 4). Borehole 
televiewer data would be able to distinguish between tensile 
fractures and key seats (Peska and Zoback, 1995). 
Table !. Average breakout orientations for each drill hole 
Operator Field Well Name Breakout Breakout 
Azimuth Length 
(ø East (ft) 
of North) 
o of Township/ Section Depth Range 
Mean of Breakouts 
(m) (ø) Range (ft) (m) 
S. Calif. Gas Aliso Canyon SFZU MA lb 
S. Calif. Gas Aliso Canyon SFZU MA 5-0 
Chevron Elsmere Margaret Bath 1 
McCulloch Cascade Mission Visco 14 
Chevron Pacoima Pacoima 10 
Chevron Pacoima Pacoima 4 
Chevron Pacoima Pacoima 5 
Unocal San Fernando Area San Fernando 1-9 
S. Calif. Gas Aliso Canyon SFZU SS 1-0 
Chevron Placerita USL 6 
All segments with borehole deviation < 5 ø 
-25.7988 278 
-71.102 228 
nonefound 
-43.7411 348 
-82.9356 3814 
51.0707 196 
76.9564 149 
25.6176 2464 
-68.7491 2313 
-29.5303 26 
43.1183 1665 
84.73 0.666101 3N/16W 34 2139-3838 
69.49 0.17651 3N/16W 34 3524-8091 
3N/16W 12 (233-1495')* 
106.07 0.271471 3N/16W 25 1037-2790 
1162.51 0.34839 2N/15W 15 2100-10404 
59.74 0.229556 2N/15W 15 4625-8229 
45.42 0.171917 2N/15W 15 2562-6050 
751.21 0.497287 2N/15W 09 240-7400 
705.00 0.36233 3N/16W 28 4595-9822 
7.92 0.39711 3N/16W 01 248-1070 
507.49 0.377041 
651-1170 
1074-2466 
316-850 
640-3171 
1410-2508 
781-1844 
73-2256 
1401-2994 
76-326 
* depth range of well log 
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Figure 3. (a) Lower hemisphere stereographic projection of breakouts from near-vertical holes (deviation < 5ø). Plotting con- 
ventions and scale are the same as in Figure 2. Note that the projection only goes out to 5 ø from vertical. The majority of the data 
are from the San Fernando 1 borehole; data from the holes SS1, USL6, and MV14 are within the shaded regions. (b) Rose diagram 
for same data, showing dominant NE trend of breakouts. Data are grouped in 10 ø increments of breakout azimuth. 
Comparison with Other Stress Field Data 
A comparison of the breakout observations with other stress 
field data, and with regional structural trends, suggests con- 
siderable small-scale heterogeneity in the stress directions in 
this region. Our results suggest that, at least at shallow 
depths (<2 km), in the nearly vertical drill holes from the re- 
gion, the S• direction was roughly NW-SE. These wells all lie 
in a zone where the major active thrust faults, such as the Santa 
Susana and Mission Hills Faults, locally strike NE. For exam- 
ple, the Mission Visco 14 hole lies within the Cascade oil field 
at the position of the NE-striking, NW-dipping "Chatsworth 
lateral ramp" (Huftile and Yeats, 1996) in the generally N- or 
NE-dipping Santa Susana fault zone. A similar NNE-trending 
lateral ramp in the N-dipping San Fernando fault zone lies 
slightly east of the wells studied. The deepening of the San 
Fernando fault zone on the west side of the ramp, and conse- 
quent occurrence of left-lateral strike-slip earthquakes along 
the ramp, were first identified in the aftershocks of the 1971 
Sylmar earthquake (Allen et al., 1972). Perhaps, these lateral 
ramps cause local spatial variation in the stress field such that 
Sx• is at a high angle to the ramps (e.g., NW-trending). 
However, more regional data suggest a N to NNE direction 
of Sx•. The 1994 Northridge earthquake was a reverse faulting 
event with slip direction slightly E of N (Mori et al., 1995; 
Hauksson et al., 1995). Focal mechanisms of aftershocks from 
this earthquake, obtained from the Southern California 
Earthquake Catalog, were inverted to find principal stresses 
using the method of Michael (1984) (Fig. 5). The value of • 
was uniformly low (less than 0.3), and the stress regime 
changed from strike slip faulting at shallow depths to thrust 
faulting below 6 km. The principal stresses were near horizon- 
tal and vertical, with S• oriented from N10øE, above 2 km, to 
N20øE below 6 km (Table 2 in electronic supplement). This is 
60-70 ø clockwise of the direction seen in the borehole data. 
The 1971 Sylmar quake was an obliquely sinistral reverse 
faulting event; inversion of focal mechanisms of its aftershocks 
indicates a thrust faulting stress regime with c• approximately 
75 
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Figure 4. Theoretically expected breakout patterns for a thrust faulting stress regime with Sx• at N49øW and { values ranging from 
0.5 to 0.9. Plotting conventions are the same as in Fig. 2 except entire stereonet is shown (out to 90 ø from vertical). Heavy black 
lines are expected directions of breakouts; black dots are nodal points, corresponding to borehole orientations where breakouts 
are less likely to form but if they do form, their azimuth would vary rapidly with small changes in borehole orientation. 
Poisson's ratio is assumed to be 0.25. Note that for { = 0.9, the pattern of breakouts is expected to be radial for borehole devia- 
tions greater than about 20 ø , similar to the observations in this data set. 
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Figure 5. 95% confidence values for the three principal 
stresses from inversion of aftershocks, above 2 km, larger than 
Magnitude 1, in the Northridge area from 1/17/94 to 9/30/94. 
(a) Events above 2 km (115 aftershocks used in inversion) 
yield a strike slip faulting stress regime with Si• slightly E of N 
and { = 0.302. (b) Events below 14 km (559 aftershocks) yield 
a thrust faulting stress regime with { = 0.227. 
horizontal and trending N to slightly E of N (Gephart and 
Forsyth, 1984). The direction of maximum contraction seen in 
GPS data NW of here is also slightly E of N (Donnellan et al., 
1993). Borehole breakouts reported for wells farther to the 
west in the Ventura Basin show mainly NW to WNW elonga- 
tion directions, which imply a NE to NNE direction of Si• 
(Mount and Suppe, 1992; Zoback, 1992). Thus our data, from 
near the confluence of the Northridge and San Fernando after- 
shock zones, indicate a local spatial and/or temporal variation 
in the direction of maximum horizontal compressive stress. 
It is known that active faults can cause local rotations in 
breakout orientations (e.g., Barton and Zoback, 1994). The 
wells penetrate some young fault zones, including the Santa 
Susana fault in the Aliso Canyon region (e.g., Lant, 1977; 
Yeats, 1987). We could not resolve any changes in breakout 
orientations near these faults, but such changes would be much 
clearer in borehole televiewer data than in the 4-arm caliper 
data available to us for this study. 
Conclusions 
Ten well logs collected during 1974-1983, from in and 
northwest of the San Fernando Valley, southern California, 
were digitized and processed to calculate the breakout orienta- 
tion for each well at distinct depth intervals. The borehole 
breakouts for segments of wells deviated <5 ø imply a maximum 
compressive horizontal stress (Si0 direction of N49øW. This 
appears to be consistent within a small region corresponding 
to NE-striking lateral ramps in the major N-dipping thrust 
faults in the region (e.g., San Fernando fault; Santa Susana fault 
zone) and may not represent the regional stress direction or the 
direction of compression at greater depths. Borehole elonga- 
tions for well deviations exceeding 20 ø are generally parallel 
to the plunge of the borehole and thus do not constrain the di- 
rection of Si•. A NW compression direction was sought, but 
not found, in focal mechanisms from the 1994 Northridge earth- 
quake sequence, some of which were fairly close to these drill 
holes. Inversion of shallow aftershocks from the Northridge 
sequence gave a strike-slip faulting stress regime, with an Si• 
direction of N10øE - N20øE and a { value, (S2-S3)/(S1-S3) , _< 
0.3. The lack of agreement between the borehole observations 
and the stress field indicated by the shallow Northridge after- 
shocks may indicate a temporal change in the stress field in 
this region between 1983 and 1994. Alternatively, the bore- 
hole observations may reflect a localized stress field not ob- 
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served in nearby focal mechanisms, similar to the observations 
from the Cajon Pass drill hole (Shamir and Zoback, 1992). 
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